We have used molecular dynamics simulations with coarse-grained and atomistic models to study the lateral pressure profiles in lipid monolayers. We first consider simple oil/air and oil/water interfaces, and then proceed to lipid monolayers at air/water and oil/water interfaces. The results are qualitatively similar in both atomistic and coarse-grained models. The lateral pressure profile in a monolayer is characterized by a headgroup/water pressure-interfacial tension-chain pressure pattern. In contrast to lipid bilayers, the pressure decreases towards the chain free ends. An additional chain/air tension peak is present in monolayers at the air/ water interface. Lateral pressure profiles are calculated for monolayers of different lipid composition under varying surface tension. Increasing the surface tension suppresses both pressure peaks and widens the interfacial tension in monolayers at the oil/water interface, and mainly suppresses the chain pressure in monolayers at the air/water interface. In monolayers in the liquid-condensed phase, the pressure peaks split due to ordering. Variation of lipid composition leads to noticeable changes in all regions of the pressure profile at a fixed surface tension.
Introduction
A typical lipid molecule consists of a polar head group and apolar long flexible hydrocarbon chains. Amphiphilic molecules self-assemble to reduce unfavorable polar-apolar contacts in a polar or apolar medium or at the interface between media of different polarity.
1 Self-assembly leads to formation of a variety of aggregates, including bilayers, monolayers, micelles, vesicles, tubes, hexagonal and cubic phases. The type of the phase formed depends on a number of factors, including the shape of the lipid molecule (i.e. on the effective size of the head group and chains) and the properties of the medium (polarity, geometry, etc.). In all phases, the headgroup/ headgroup and chain/chain contacts of the neighboring lipids are separated by the hydrophobic/hydrophilic interface. Due to lipid amphiphilicity and anisotropy, the forces along the lipid molecular axis vary in nature and magnitude.
2-4 Dispersion and excluded-volume forces act between all molecular groups. Electrostatic forces originate from charges and dipoles, including hydrogen bonds and salt bridges, in the headgroups and surrounding polar solvent. In the hydrocarbon chain region, entropic interactions arise due to the restriction of accessible conformations for the lipid chains in the presence of their neighbors. The surface tension acts to shrink the hydrophobic/hydrophilic interface. This variation of interactions leads to a strongly inhomogeneous distribution of local pressures on the small length scale of the molecular size of a lipid.
A lipid membrane (bilayer or monolayer) has a small thickness ($nm) relative to its lateral size ($mm) and can be thought of as a complex interface. Interfacial energy concentrated over the small thickness gives rise to local pressures of high magnitudes. 5 The local pressure distribution (from the lipid head group to the tail) along the membrane normal can be characterized by the lateral pressure profile.
The lateral pressure profile P(z) is defined as the difference between the lateral pressure component P L and the normal component P N of the pressure tensor:
where the z-axis is directed along the membrane normal. The normal component of the pressure tensor remains constant and is equal to the pressure in the bulk; the lateral component P L ¼ (P xx + P yy )/2 can change its amplitude and sign along z depending on the dominant interactions. Based on this definition, positive lateral pressure corresponds to repulsive interactions and negative pressure to attractive interactions. The pressure profile is a local property but is related to several macroscopic membrane properties. The sum of all interactions along the normal, or the integral of the pressure profile over the thickness, h, of the membrane, equals the surface tension with opposite sign, g:
This integral is zero in a tensionless lipid bilayer in water. The first moment of the pressure profile (in a flat membrane) gives the product of the membrane bending modulus, k b , and spontaneous curvature, c 0 :
PðzÞzdz ¼ k b c 0 , and the second moment of the pressure profile equals the saddle-splay modulus:
While the lateral pressure profile is difficult to assess experimentally (due to the strong variation of local pressure on a very small length scale), these macroscopic properties are measurable quantities. Lateral pressure profiles in lipid bilayers are of specific interest because they can influence the function of proteins in cell membranes.
8 If the protein activity involves non-uniform changes in its cross-sectional area, then variations in the bilayer lateral pressure profile can shift the protein conformational equilibrium. 9 Perturbations of bilayer lateral pressure induced by small amphiphilic solutes have been proposed as a mechanism of general anesthesia. [10] [11] [12] Lateral pressure profiles in lipid bilayers have been extensively studied using theoretical and computational approaches.
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Theoretical models are usually based on a mean-field approximation and focus on descriptions of the hydrocarbon chain conformations in a lattice or continuum representation. The head groups are not treated explicitly; their contribution enters as a function of the lipid surface density (or area per lipid). Hydrophobic/hydrophilic interactions are localized at the interface by setting an effective interfacial tension. These models allow calculation of the lateral pressure profile in the hydrocarbon chain region for pure or multi-component bilayers.
While theoretical models can take into account such properties as the magnitude of interfacial tension, head group repulsion, and length and unsaturation of the hydrocarbon chains, they still lack molecular details. Computer simulations can provide an atomic level of detail and explicitly include all intermolecular interactions. Molecular dynamics (MD) simulations have been used to investigate lateral pressure profiles in lipid bilayers of varying composition, containing sterols, 26 alcohols, 27, 28 and poly-unsaturated hydrocarbon chains. 29 In a recent study, 30 a 3D pressure profile was calculated and a position dependent pressure distribution across the interface was obtained in bilayers with coexisting gel and liquid-crystalline phases, at finite curvature, and with embedded proteins.
In this work, we use MD simulations to study lateral pressure profiles in lipid monolayers. A lipid monolayer is not a mere half of a bilayer: it is formed in anisotropic conditions at a polar/apolar interface, and its properties vary with the surface density, which regulates the total surface tension at the interface. Previous simulation studies investigated monolayers of various surfactants. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] However, the lateral pressure distribution across the monolayer at the interface, to our knowledge, was not calculated before. Here we focus on characterizing the lateral pressure profiles in lipid monolayers at the air/water and oil/water interfaces. To obtain more insight into the nature of pressure distributions at these complex interfaces, we first consider simple oil/air and oil/water interfaces. We then investigate lipid monolayers of different composition under varying surface tension. We compare the pressure profiles for an atomistic model and a coarse-grained model (CG). While the nature and relative contribution of interaction types in the two models differ, in particular in the headgroup/water region, both models yield qualitatively similar results. In comparison to lipid bilayers, in monolayers an additional tension peak appears at the chain/air interface. Upon transformation from the liquid-expanded to the liquid-condensed phase, this tension is compensated by positive pressure due to an increased chain density, and the profile is characterized by multiple peaks originating from ordering. Variation of the surface tension induces pressure re-distribution in monolayers at both air/water and oil/water interfaces. Spontaneous curvature of the constituting lipids affects all regions of the pressure profile at a fixed surface tension.
Methods

Simulation details
We simulated 'pure' oil/air and oil/water interfaces, as well as lipid monolayers at these air/water and oil/water interfaces. For comparison with previous work, we also simulated lipid bilayers in water. Simulations were performed with the GROMACS (version 3.3.3) software package 45 using atomistic and coarse-grained (CG) models. All systems were simulated at 310 K (except for a bilayer in the CG model at 270 K to obtain the gel phase) and coupled to a Berendsen heat bath. 46 In the CG model, the coupling constant was 1.0 ps; each monolayer, water (with ions) and oil were included in separate temperature coupling groups. In the atomistic model, the coupling constant was 0.1 ps; molecules of each type from each monolayer were coupled to a separate group. The Berendsen algorithm was used for pressure coupling with a time constant of 4.0 ps in the CG model and 1.0 ps in the atomistic model using the coupling schemes as indicated below. To test the effect of the weak coupling algorithm on the calculated lateral pressure profiles, we also performed simulations with the Nose-Hoover thermostat 47,48 and Parrinello-Rahman barostat, 49 which did not lead to any noticeable changes in the results. This is to be expected as we only use average properties, not the fluctuations in temperature or pressure. The simulations were 1 ms long for the CG model (actual simulation time) and 200 ns long for the atomistic model. The initial 20 ns of each atomistic run were used for equilibration.
Simple interfaces
For simulations of the oil/air and oil/water interfaces, the system setup consisted of an oil slab in vacuum, and water and oil slabs, respectively. Hexadecane molecules were used as oil. To simulate the ordered oil/air interface, position restraints were applied to the first particle in each oil chain; the box lateral size was chosen to approximate the density of the disordered oil. No pressure coupling was used for the oil slab in vacuum. The oil/water interface was coupled to the normal pressure This journal is ª The Royal Society of Chemistry 2010 of 1 bar; the box size in lateral direction (parallel to the slabs) was kept constant. The systems included 144 oil molecules, 688 water particles in the CG model and 3255 water molecules in the atomistic model.
Monolayers
The system setup consisted of a water slab in vacuum or oil with two symmetric monolayers at the two polar/apolar interfaces. Surface tensions in the range 0-40 mN/m were applied using the surface-tension coupling scheme. Compressibility in the normal direction was set to zero in the case of the air/water interface; normal pressure was set to 1 bar in the case of the oil/water interface. The following lipid compositions were simulated in the CG model: pure dipalmitoyl-phosphatidylcholine (DPPC), pure diarachidonoyl-phosphatidylcholine (DAPC), a mixture of DPPC and the lyso-lipid palmitoyl-phosphatidylcholine (PPC) in a 1 : 1 ratio, and a mixture of DPPC and palmitoyloleoyl-phosphatidylglycerol (POPG) in a 3 : 1 ratio. In the atomistic model we simulated pure DPPC monolayers. Each monolayer consisted of 36 lipids in all small systems and of 4096 lipids in larger systems in the CG model. Small systems included between 800 and 1220 water particles (depending on the lipid mixture) in the CG model, and 3000 water molecules in the atomistic model. The large system included 150 289 water particles. Na + ions were added to compensate for the negative charge of POPG lipids. The system with DPPC monolayers at the oil/water interface in the CG model contained 288 oil molecules.
Bilayers
DPPC bilayers in water were simulated at 310 K and 270 K in the CG model. The system contained 72 lipids and 800 water particles. A semi-isotropic pressure coupling scheme was used with normal and lateral pressures of 1 bar.
Coarse-grained (CG) force field
We used the MARTINI coarse-grained force field for lipids. 50, 51 In this model, the molecules are represented by grouping four heavy atoms (two to three in the case of ring structures) into a particle. All considered lipids are standard components of this force field, except for POPG for which the glycerol group in the headgroup was represented by a polar particle (P4). To model less hydrophobic oil, the particles in hexadecane (C1) were substituted by less apolar ones (C5). For non-bonded interactions, the standard cutoffs for the CG force field were used: the Lennard-Jones interactions were shifted to zero between 0.9 and 1.2 nm, the Coulomb potential was shifted to zero between 0 and 1.2 nm. The relative dielectric constant was 15, which is the default for this force-field. 50 A time step of 20 fs was used; the neighbor list was updated every 10 steps.
Atomistic force field
For the DPPC lipids, bonded and non-bonded parameters of lipid tails are adopted from the Berger model 52 with charges from Chiu. 53 Bonded parameters are based on the GROMOS force field; 54 non-bonded parameters are based on the OPLS united atom force field. 55 The headgroup charges were reduced to reproduce the LC phase in monolayers at a surface tension of 0 mN/m. Hexadecane was simulated using Berger parameters. Water was simulated using the SPC model 56 and flexible SPC model where specified. Bonds were constrained with the LINCS algorithm 57 for lipids and the SETTLE algorithm 58 for water. For Lennard-Jones interactions, a cut-off of 1 nm was used. For electrostatic interactions, a cut-off of 1.4 nm was combined with the reaction field method for long-range electrostatics with a dielectric constant of 54, the dielectric constant of SPC water. A time step of 2 fs was used, the neighbor list was updated every 10 steps.
Calculation of the lateral pressure profile
The calculation of lateral pressure was carried out using a procedure analogous to ref. 19 . For a system of point-like particles interacting through pair-wise forces the macroscopic pressure tensor is given by:
where m, v, r and F are masses, velocities, distances and forces between the particles, respectively. The first term represents the kinetic contribution and the second term is the configurational contribution from the interactions in the volume V. On the scale of molecular interactions, the configurational contribution to the local pressure is defined through the (arbitrary) contour C ij connecting two particles:
We use the Irving-Kirkwood contour, which connects the pair of interacting particles via a straight line. The simulation box is divided into slices of 0.1 nm thickness perpendicular to the z-axis, and the configurational stress tensor is found as a function of z:
where f(z,z i ,z j ) is the weighting function depending on the position of the particles with respect to the given slice and DV is the volume of the slice.
To calculate the pressure profiles we performed reruns of the trajectories with a modified version of GROMACS which calculates the local pressure tensor in the form of eqn (5) . For each slice the pressure tensor was evaluated every 20 ps. The SHAKE algorithm 60 was used for reruns, as LINCS does not directly yield pair-wise forces.
19
Results
Simple interfaces
To obtain more insight into the nature of the lateral pressure profile in a complex monolayer-covered polar/apolar interface, we first calculated the distribution of lateral pressure for simple interfaces. To this end, we simulated oil/water and oil/ air interfaces, the latter for both disordered and ordered hexadecane chains. The lateral pressure profile for a disordered oil/air interface in the CG and atomistic models is shown in Fig. 1a . Negative pressure originates from a positive surface tension (eqn (2)), penalizing exposure of hydrocarbon chains to air. Note that the surface tension of the chain/air interface in the atomistic model ($12 mN/m) is smaller than that in the CG model ($24 mN/m). The lateral pressure distribution for the oil/water interface in the CG and atomistic models is shown in Fig. 1b . Interestingly, the profile is characterized by two negative peaks in the case of the CG model. This is because in this model the surface tension at the oil/water interface ($42 mN/m) is larger than both the surface tension of the oil/air interface and of the air/water interface ($32 mN/m). The first two tensions reproduce well the experimental data; the surface tension at the air/water interface in the CG model is lower than in the atomistic model ($53 mN/m) and than the experimental value ($70 mN/m at 310 K). The least favorable oil/water interface in the CG model thus splits into two with lower tensions. This effect can be removed by substituting the This journal is ª The Royal Society of Chemistry 2010 oil particles by less hydrophobic ones (see Methods) which lowers the oil/water surface tension (to $21 mN/m). For the ordered oil/air interface (see Methods), the pressure profile has an additional positive peak originating from an increased density of the hexadecane segments in the imposed orientation normal to the interface, see Fig. 1c . Monolayer Fig. 2 . The pressure distribution in the head group region and at the hydrophobic/hydrophilic interface is similar to that of a (DPPC) bilayer. The minimum of negative pressure of the hydrophobic/hydrophilic interface falls into the region where the chain and water density distribution overlap, corresponding to the glycerol/ester region. In the hydrocarbon chain region, in contrast to bilayers, the pressure decreases towards the chain ends. One can distinguish two factors determining the pressure distribution in the chain region: entropic repulsion due to restriction of conformational freedom of the chains, and deviation of chain density from that in the bulk. Entropic repulsion of the flexible chains oriented along the molecular axis increases towards the free ends due to the disorder gradient. 61 In bilayers, this entropic contribution usually dominates as the density of the oriented chains remains high. In the limit of vanishing chain bending stiffness (with no bond angle potentials in the CG model) the chains would lose their preferred orientation, and the pressure in the bilayer center would decrease (results not shown). The requirement of constant density of chain segments in mean-field theoretical models also effectively disorders the chains and leads to a reduction of lateral pressure in the bilayer center. In monolayers, the density of oriented chains decreases noticeably towards the ends. Disordered oil from the bulk partially penetrates the ordered chain region (Fig. 2) , and the pressure gradually assumes its bulk value.
Monolayer at air/water interface
The lateral pressure distribution for a DPPC monolayer at the air/water interface is shown in Fig. 3 . In contrast to a monolayer at an oil/water interface, the pressure at the chain ends becomes negative. The surface tension at the chain/air interface and a decrease of total density towards the chain ends suppress entropic repulsion. The profiles in the atomistic and CG models are qualitatively similar. Headgroup/solvent interactions are repulsive in total, due to an increased density of the perturbed water in the CG model (Lennard-Jones water/headgroup interactions are stronger than water/water interactions) and ordering of water dipoles in the atomistic model. Headgroup/headgroup interactions are overall attractive in the atomistic model due to partial screening of headgroup dipoles and hydrogen bonding. In the CG model, repulsive interactions between headgroup charges are (partially) compensated by attractive Lennard-Jones interactions with waters solvating the headgroups. As a result of the differences in electrostatic interactions and water representations, the CG and atomistic profiles differ quantitatively in the headgroup/perturbed water and interfacial regions.
Surface tension
A change in surface tension, which changes the monolayer surface density from expanded to compressed, has strong effects on the monolayer pressure profile, both at the oil/water and at the air/water interface. For the monolayer at the oil/ water interface (Fig. 2) , an increase in surface tension (or decrease in surface density) reduces the magnitude of the pressure in the head group and chain regions. At the same time, the pressure peak corresponding to the hydrophobic/hydrophilic interface significantly widens. Upon increasing the surface tension, the system thus transforms into a single oil/water interface. For the monolayer at the air/water interface (Fig. 3a) , a larger surface tension suppresses the pressure in the chain region and between the headgroups, while the pressure peaks at the headgroup/ solvent and interfacial regions do not change noticeably. In bilayers, increasing the area per lipid was found to lower the pressure in the chain region and increase interfacial tension. 21 Increasing the bulk pressure, on the other hand, suppressed the pressure magnitudes in all regions in a non-uniform manner. 27 Correspondence of the lateral pressure shifts in bilayers and monolayers likely also depends on the degree of membrane stretching/compression. Besides the above mentioned changes, variation of surface tension and density can induce phase transitions in monolayers.
Phase behavior
We simulated the transition from the liquid-expanded (LE) to the liquid-condensed (LC) phase for the DPPC monolayer at the air/water interface by reducing the surface tension to 0 mN/m. The pressure profile of the LC monolayer (Fig. 4) is characterized by multiple peaks, analogous to a bilayer in the gel phase. 30 In contrast to the LE phase, the pressure at the chain/air interface is positive as a result of the higher chain density. The negative pressure peak from chain ends is shifted towards the mid-chain region. A change in sign of the lateral pressure in the chain region is also similar to a liquid-ordered bilayer with high cholesterol concentration.
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Ordering of the headgroups and adjacent water in the CG model increases oscillations in the density (see Fig. 4a ). In the atomistic model (Fig. 4b) , the total density of the perturbed water layer does not change noticeably. The headgroup dipoles increase the ordering of the adjacent water dipoles (results not shown), which appears to lead to stronger repulsion in the perturbed water layer. Due to the higher monolayer surface density, solvation of headgroups by water is lower in the LC phase compared to the LE phase. This decreases the electrostatic screening in the atomistic model and attractive headgroup/water interactions in the CG model. This in turn increases the contribution of repulsive electrostatic interactions between the headgroups, which leads to an additional pressure peak in the CG model and a smaller tension in the atomistic model. Combining the CG and atomistic results, This journal is ª The Royal Society of Chemistry 2010 the monolayer pressure profile in the LC phase is distinct from that in the LE phase by splitting of the peaks due to ordering and increased density, and repulsive pressure at the chain/air interface. 
System size
To test the effect of system size on the calculated pressure distribution in monolayers, we simulated larger systems. This effect can be best demonstrated on a system forming the LE phase (with low bending rigidity) at low surface tension, with the ability to sustain near-zero tension, undergoing strong thermal undulations. As an example of a system with such properties in the CG model, we considered the mixture of DPPC and palmitoyloleoyl-phosphatidylglycerol (POPG) in a 3 : 1 ratio. A comparison between the lateral pressure distribution in a small (36 lipids) and large (4096 lipids) monolayer is shown in Fig. 5 . High pressure peaks resolved in the small system are averaged out in the large system due to out-of-plane fluctuations of the monolayer. This favors the use of smaller over larger systems for the calculation of the pressure profiles, if the correct properties in the former can be reproduced (e.g. for the laterally homogenous membranes).
Lipid spontaneous curvature
To investigate the influence of spontaneous curvature on the monolayer pressure profile, we simulated cone and inverted-cone shaped lipids, the mixture of DPPC and single chain palmitoyl phosphatidylcholine (PPC) lipids in a 1 : 1 ratio and polyunsaturated diarachidonoyl phosphatidylcholine (DAPC) lipid (in the CG model), respectively. The pressure distributions at a surface tension of 20 mN/m are shown in Fig. 6 . The pressure profile in the DPPC : PPC 1 : 1 mixture has smaller peaks in the interfacial and chain regions, as compared to pure DPPC monolayer. The magnitude of the head group peak, however, did not increase, likely due to lower compressibility of the head groups than the chains. In the DAPC monolayer, the pressure becomes dominant in the chain region. Simultaneously, the hydrophobic/hydrophilic interfacial peak decreases noticeably due to the presence of the less hydrophobic unsaturated chain segments. Polyunsaturation of one of the two hydrocarbon chains in (atomistic) bilayers was found to increase the magnitude of the interfacial tension, and to suppress the entropic pressure in the bilayer center. 29 Changes in lipid composition can be expected to have different effects on the lateral pressure distribution in bilayers and monolayers, because of the monolayer asymmetric environment and varying surface density or surface tension. For a monolayer at a fixed surface tension, changes in the lipid hydrocarbon chains which affect the effective size of the chains versus the headgroups can introduce noticeable shifts ($100 bar) in all regions of It is interesting to note that subtracting the chain/air interfacial peak (as obtained for simple chain/air interface) from the monolayer pressure profile results in a negative spontaneous curvature for DPPC and DAPC monolayers (results not shown).
Discussion
We calculated the lateral pressure profiles in a number of interfacial systems, including lipid monolayers, using both CG and atomistic simulations. Previous simulations have extensively studied the pressure profiles in lipid bilayers.
Similar to that of a lipid bilayer, the monolayer pressure profile is characterized by the headgroup/water pressure-interfacial tension-hydrocarbon chain pressure pattern. In contrast to the symmetric conditions of a bilayer, this positive-negativepositive pressure distribution in monolayers is required to balance the bending moments ($P$z) at the asymmetric interface. Unlike in lipid bilayers, the pressure decreases towards chain ends in monolayers at the oil/water interface, and an additional chain/air tension peak appears in monolayers at the air/water interface. As with other monolayer properties, the pressure profile in the monolayer depends on the surface density, which determines the total surface tension at the interface. For a monolayer at the oil/water interface, reduction of the surface density widens the interfacial tension region, and suppresses both pressure peaks. For a monolayer at the air/water interface, reduction of the surface density mainly suppresses the chain pressure. A transition from the LE to the LC phase, which can be induced by lowering the total surface tension (or temperature), is characterized by splitting of the pressure peaks in the ordered monolayer.
The shape of the pressure profile can be understood by considering the nature of interactions between different molecular groups. In an earlier simulation study of atomistic bilayers by Lindahl and Edholm, 19 the pressure profile was decomposed into interactions of different origins (including Lennard-Jones, electrostatic, bonded and 1-4 interactions), between headgroups, chains and water, separating entropic and enthalpic contributions. The profile was shown to represent a sum of an order of magnitude larger terms of opposing sign. These terms depend on the simulation force field/details, and their balance is required for the equilibrium structure. Mismatch of these interactions in the simulation setup can lead to a system with incorrect properties (e.g. a bilayer with underestimated area per lipid) or to nonlamellar phases. If a monolayer/bilayer with correct properties and phase behavior can be formed, the distribution of lateral pressure is expected to be almost independent of the details, as the self-assembled soft matter is governed by entropic interactions, which are mainly determined by molecular size and shape.
In the atomistic and CG models used in this study, several interactions are different. In comparison to the atomistic model, the CG model does not include explicitly the chain dihedral potentials, carbonyl dipoles, water dipoles, hydrogen bonds, etc. The calculated pressure profiles in monolayers in these two models are qualitatively similar, because the CG model appears to capture an essential fraction of the lipid/solvent properties. In the hydrophobic part, the dominating contribution to the profile is the conformational entropy of the chains, which increases towards free ends. This would not be the case for a simpler model with short (e.g. twobead) chain(s) or with zero chain bending stiffness, see the results of Venturoli and Smit 16 ). In the headgroups, the treatment of electrostatics in atomistic models may result in overall attractive or repulsive interactions, depending on the distribution of partial charges and the treatment of electrostatic interactions in the simulation, compare previous results. 19, 21, 26, 27 In the absence of charges, the pressure distribution in the headgroup and perturbed water regions would be determined only by the Lennard-Jones/conservative force parameters. Overall, the model parameters can modulate the magnitude and sign of selected pressure regions to an extent comparable to variations in lipid composition. Including more interaction levels, for example, polarizability, can further refine the pressure distribution.
Limitations
We investigated a number of technical limitations of the pressure profile calculations. It is important to keep in mind that a certain range of conditions (e.g. surface tensions) applied to systems of small size ($5nm) can correspond to an unphysical state. For example, phase separation cannot be studied and collapse surface tension cannot be assessed using small monolayers. For the long-range electrostatic interactions with the PME scheme, the local pressure integration algorithm with the IrvingKirkwood contour requires approximations with a cut-off scheme. 64 For this reason we used the RF scheme in all atomistic simulations with long-range electrostatics (see Methods). Another source of errors is the constraint force calculation procedure in the trajectory post-analysis. 19, 65 As a test for the validity of the calculated profiles, the integral of the pressure profile is required to converge to the total surface tension at the interface (with opposite sign, see eqn (2)), and the normal pressure is required to remain constant to satisfy the mechanical equilibrium condition. The normal pressure across the interface deviated from the bulk value in a number of calculated profiles. This was the case for all simulations with constraints for molecular bonds, if orientational ordering of molecular groups with respect to the interface normal was present. The normal pressure across the atomistic oil/water interface (Fig. 7a) is constant at the (disordered) hexadecane boundary but fluctuates at the water boundary as the water dipoles are ordered due to the hydrophobic effect. Using harmonic potential for the bonds in the water model (see Methods) restored the normal pressure to the bulk value.
Deviations of the normal pressure from the bulk are even stronger when a lipid monolayer is present at the interface (Fig. 7b) , where molecular segments have a preferred orientation with respect to the monolayer normal. The same effect is observed in the CG monolayer with a high concentration of cholesterol (DPPC : POPG : cholesterol in ratio 4 : 1 : 4), in which several bonds are modeled with constraints, see Fig. 7c . Substituting constraints by the harmonic bonds noticeably reduced the normal pressure (Fig. 7d) , but did not provide the bulk value, possibly because of distortions of the cholesterol ring structure. At the same time, the integral of the pressure profile did not converge to the total surface tension in most cases. While in the atomistic systems this could be attributed to the large fluctuations in pressure due to insufficient sampling, this clearly should not be the case in the CG systems. In all systems with non-constant normal pressure across the interface, the contribution of normal pressure is comparable in magnitude to the lateral pressure, and affects significantly the lateral pressure distribution. Due to these factors, the results presented in this work rely mainly on the CG model without constraints.
Implications
In conclusion, we outline the potential significance of the lateral pressure profile in lipid monolayers covering oil/water or air/water interfaces. In such complex interfaces, the ''surface of tension'' can be determined from the first moment of the pressure profile:
Here the integral is proportional to the total bending moment across the interface, and the reference coordinate z 0 is chosen such that the integral becomes zero. We hypothesize that the location of this surface of tension z 0 is related to the stability of the monolayer at a given surface tension, and will pursue a verification of this hypothesis in a further study.
